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IDENTIFYING AND DETERMINING HALOCARBONS IN WATER

USING HEADSPACE GAS CHROMATOGRAPHY

Daniel C. Leggett

INTRODUCTION

Chlorination is a well-established method of disinfecting water for

drinking and of disinfecting municipal wastewater prior to disposal. The

recent discovery that persistent chloro-organic molecules are formed in

this processi 5 has brought it under scrutiny. While the health effects

of chlorination are still being evaluated and alternative disinfection

methods are being sought,6 ,7 attempts are being made to reduce the

formation of chlorinated organics by making process modifications7- 9 and

to reduce their levels after formation by using advanced treatment pro-

cesses.
7 ,10-18

An interim solution to the problem has been to continue chlorinating,

with limits set on concentrations of certain products. The U.S. Environ-

mental Protection Agency has set an arbitrary limit of 100 ppb of trihalo-

methanes in finished drinking water.19

Methods are thus needed for routinely monitoring levels of trihalo-

methanes in water. A number of techniques have been used for their

determination: purge and trap, 17,20,2 1 resin sorption,4 ,2 2 ,2 3 solvent

*extraction, 2 4- 2 6 direct injection,27-29 and headspace analysis.30- 33

Multiple equilibration headspace analysis,34 in conjunction with

electron capture gas chromatography, is a sensitive method requiring little

auxiliary equipment. In this report I describe the use of this method,

some of its advantages, and some of its applications for determining

volatile halogen compounds associated with water and wastewater treatment.

METHOD

Multiple equilibration headspace analysis was conducted as described

by McAuliffe,34 using hydrocarbon-free nitrogen as the equilibrant. The

water samples to be analyzed were equilibrated with gas in a 50-ml

gas-tight syringe (Hamilton) with a standard luer hub and removable stain-

less steel needle. The syringe, with its plunger removed, was completely



filled with the water sample. The plunger was inserted and the syringe

turned over, expelling any remaining gas bubbles through the needle. Water

was expelled until only the desired volume remained, usually 25 ml. An

equal volume of gas was added through the needle by puncturing the septum

on a gas chromatograph. The water and gas were shaken vigorously by hand

for three minutes, during which time water sealed the needle, preventing

entry of outside air. After the water in the needle was expelled, at least

20 ml of gas was forced through a gas sampling loop and injected into the

gas chromatograph. The sample was re-equilibrated repeatedly (three to

seven times) with fresh nitrogen.

The halocarbon concentrations in the sample were determined by

measuring the areas under the chromatogram peaks by manual triangulation

for all equilibrations and plotting them vs equilibration number on

semi-log paper. In this mathematical treatment, derived by McAuliffe,34

a straight line of best fit is drawn through the points. Any two

successive points are used to determine the slope. The gas/water

distribution coefficient equals the slope minus one, and the original water

concentration equals the intercept divided by the distribution coefficient.

To test this method I collected tapwater and wastewater samples in

300-ml glass BOD bottles containing 0.5 g of sodium thiosulfate (to destroy

chlorine residuals). The bottles were carefully filled, leaving no air

space.'I Gas chromatographic analyses were conducted on a Perkin-Elmer Model

900 GC with a titanium tritide source operated in the pulsed mode (50- s

interval). The halogenated organics were separated on Carbowax 400/Porasil

C Durapak (Water's Associates). The material obtained from the

manufacturer was washed with acetone and oven-dried prior to packing into

1/8-in, stainless steel columns. The columns and detector were maintained

at 105°C, and the carrier gas was oxygen-free (<0.5 ppm 0 ) or ultrapure

nitrogen (used without further purification) flowing at 15 ml/min. Readgas

samples were injected with a 1.80-ml Teflon loop and Perkin-Elmer gas

sampling valve.

Working standards for qualitative and semi-quantitative analyses were

prepared in reagent grade methanol (10-4 to 10-5 v/v). A 10- 1 aliquot

2
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of working standard was diluted in 5 to 25 ml of halocarbon-free water in a

50-ml gas-tight syringe. (Halocarbons were removed from distilled water by

bubbling hydrocarbon-free nitrogen through it.) For quantitative analysis,

working standards were prepared by diluting EPA purgeable organics in

halocarbon-free well water and were used immediately.

DISCUSSION

Figure 1 shows the characteristic depletion in successive equilibra-

tions of several halocarbons added to distilled water. Note that some

peaks disappear more rapidly than others. This is one advantage of this

method, because the rate of disappearance of any compound is directly

related to its distribution coefficient. Distribution coefficients can be

used to establish or confirm the identity of compounds. The distribution

coefficients obtained here are a function of the relative volumes of gas

headspace and water during the analysis, but they can be converted to

dimensionless, volume-based, Henry's Law constants by dividing the value by

the ratio of gas/liquid volumes. For example, if we equilibrate 10 ml of

water with 40 ml of nitrogen gas and obtain a distribution coefficient of

2.0, the Henry's Law constant is 2t4 or 0.5. Henry's Law constants for a

number of compounds have been tabulated,15, 35 ,3 6 and when they are not

available, Dilling's procedure3 5 can be used to estimate values. The

combination of electron capture response, Henry's Law constant and gas

chromatographic retention time probably provide sufficient evidence of com-

pound identity without resorting to independent confirmatory methods, such

as the use of multiple columns and detectors or mass spectrometry.

Another advantage of this method is that halocarbon concentrations

above the linear range of the electron capture detector can be analyzed

simply by performing additional equilibrations. As long as two are known

to be in the linear range, the extrapolation procedure can be used to find

the coacentration.

Multiple equilibration also has the advantage that matrix effects are

circumvented, since extraction efficiency does not affect calculation of

the concentration. The only requirement is that the system be at

equilibrium when the analysis is performed.

3
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Figure 1. Behavior of some halocarbons

in distilled water during multiple equil-

ibration with nitrogen (volume of gas,
40 ml; volume of liquid, 10 ml). 1) CC1 42) CHCl 3 , 3) CHCl=CI2 , 4) C2 C14, 5) 5 CHBrCI2.

An advantage of using electron capture detection is that coulometric

responses may be obtained for some compounds; that is, complete ionization

can occur in the detector, and the peak area response in coulombs (A's) is

then an absolute measure of the number of moles of substance present. The

number of coulombs is directly related to the number of moles by Faraday's

Law (96,500 coulombs - 1 mole). Lovelock37 extended this concept by

using two identical electron capture detectors in series. This enables one

to determine the ionization efficiency, so that even for a compound

displaying less than coulometric response, quantitative analysis can be

4
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performed without reference to a calibration standard.3 7,3 8 The obvious

advantage to this is that it obviates accurate preparation of low-level

halocarbon standards in water, which is difficult at best. In preliminary

work, carbon tetrachloride and methyl iodide were found to be perfect

electron absorbers, matching the theoretical 96,500 coulombs per mole.

A typical multiple equilibration chromatogram of local tap water is

shown in Figure 2. Chloroform (CHCI3) and bromodichloromethane (CHBrCI2 )

are likely attributable to chlorination of the town water supply, which

comes from a surface impoundment. Trichloroethylene (C2HCI3 ) and

trichloroethane (C2H3C13) have not been associated with chlorination, but

both are common industrial solvents. Trichloroethylene is not further

reduced in the fourth equilibration, partly because of contamination by

laboratory air during the analysis. Other contaminants in the laboratory

air were not present in sufficient concentration to interfere with the

analysis. It was not determined whether the traces of Freons 12 and 11

(Peaks 2 and 3) were due only to their natural abundance in the

atmosphere39 or were due to contamination from other sources as well.

Figure 3 shows the effect of adding 20 ppm bromide ion as sodium bro-

mide to tap water. The water was not dechlorinated before the bromide was

added. After the bromide was added, the mixture was allowed to sit for 25

minutes until the single equilibration analysis was begun. The before-and-

after chromatograms show that although the chloroform concentration did not

increase measurably in that time, the concentration of the three bromotri-

halomethanes increased substantially. This may be due to the oxidation of

part of the bromide to hypobromite, which is a more facile halogenating

agent than hypochlorite.l,
3 3 ,40

When chlorine is added to natural waters, the relative amount of each

of the possible haloforms is determined by the relative halogen concentra-

tion in the water.5 The mechanism of the reaction is discussed in

organic chemistry textbooks and has been reviewed by Morris.
4 1

Chromatograms of tap water headspace (Fig. 2 and 3) showed an uniden-

tified peak eluting before carbon tetrachloride. I observed this peak in

chromatograms of tap water and chlorinated sewage effluents and found it to

be temperature-sensitive, decreasing in magnitude as the gas chromatograph

injector temperature was increased. Its magnitude increased when the water

5
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Figure 2. Multiple equilibration

First Equilibration Second of tap water from Hanover, N.H.
(volume of gas, 40 ml; volume of
liquid, 10 ml). 1) 02, 2) Cl2F2,
3) CCl3F, 4) unknown, 5) CHCl3,
6) CHCl=CCl2, 7) CH-Cl,8

5 CHBrC12.
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a. Hanover tap water, 4 Novem- b. Tap water 25 minutes after
ber 1976. adding 20 ppm Br-.

Figure 3. Effect of bromide ion in the
presence of chlorine on formation of
haloforms. 1) Unknown, 2) CCd4 , 3) CHC13
and dHCd-Cd'2 , 4) CHBrCl2, 5) CHBrCl,
6) CH.Br3.
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was spiked with ammonium and hypochlorite, but the peak was absent from

chromatograms of solutions dechlorinated with thiosulfate. These results

suggest that the peak was due to a chloramine (probably nitrogen trichlor-

ide), although authentic standards were not available for comparison.

Figure 4 reveals a potential problem in analyzing for haloforms in

water. In this case the water was not dechlorinated prior to multiple

equilibration analysis. The apparent Henry's Law contant for chloroform

when fresh tap water was equilibrated was 0.054; in aged tap water it was

0.159, which is close to the expected constant.12 ,3 5 Evidently the

chloroform concentration in solution increased during the analysis. This

effect was also observed in analyses of samples aged for several hours

after chlorine residuals had been destroyed. This may be due to the slow

hydrolysis of trihalogenated chloroform precursors, such as tri-, tetra-,

penta-, and hexachloroacetone.4 2 ,4 3 A reaction period of 24 hours

following dechlorination produced stable analytical results.

In contrast, if water samples were not dechlorinated, haloform concen-

trations continued to increase for several days, as others have

I i I I I

S107-
3 Aged

E

E
E

Fs Figure 4. Chloroform concentration vs
a

equilibration number.

0 1 2 3 4 5 6 7

Equilibrot ion Number
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noted.2 2 ,44 ,4 5  Data for Hanover tap water collected on 20 February 1979

and analyzed 0, 24, 48 and 72 hours after collection (without dechlorina-

tion) are shown in Table 1. Chloroform concentrations increased by a

factor of >4 and bromodichloromethane by a factor of 3 in the first 24

hours. This instability of haloform precursors has made analysis for halo-

forms somewhat method-specific 29 ,4 6 and has made it difficult to compare

results obtained by different methods.

By the time tap water had passed the CRREL primary sewage facility,

considerable reduction in haloform concentration had occurred. Analysis of

fresh tap water collected on 18 January 1979 indicates a conservative

estimate of 67%, not taking into account aging effects in the sewer

system. Volatile losses in the sewer and primary clarifier may account for

this reduction. 17 ,47 ,48

Unchlorinated primary wastewater applied to two prototype land treat-

ment test cells showed undetectable levels of the haloforms (<0.2 ppb) in

water after percolation through 5 feet of soil (Table 1). Details of the

prototype land treatment system are available elsewhere.4 9 The results

obtained by multiple equilibration analysis were confirmed independently

by purge and trap analysis on samples of wastewater and percolate taken

later in 1979.50

Table I. Determination of halocarbons in some water and

treated effluents by multiple equilibration analysis.

Concentration (ppb)

Sample Date CC". CHCI3 C2H3C13 C2CI14 CHBrCl2

Tap water, Hanover, N.H., fresh 1/18/79 b.d. 36.0 b.d. b.d. 2.5
Tap water, Hanover, N.H., fresh 2/12/79 0.007 7.3 b.d. b.d. 0.68
Tap water, Hanover, N.H., fresh 2/13/79 0.008 21.0 0.22 b.d. 1.6

Tap water, Hanover, N.H., fresh 2/15/79 b.d. 16.0 b.d. b.d. 1.2
Tap water, Hanover, N.H., fresh 2/20/79 0.009 14.0 b.d. b.d. 1.0

Tap water, Hanover, N.H., aged 24 hr 2/20/79 0.014 62.0 b.d. b.d. 2.8
Tap water, Hanover, N.H., aged 48 hr 2/20/79 0.014 75.0 b.d. b.d. 3.8
Tap water, Hanover, N.H., aged 72 hr 2/20/79 0.014 63.0 b.d. b.d. 3.2
Primary Effluent, CRREL 1/19/79 0.011 12.0 b.d. 0.15 0.32

Percolate, Test Cell 1, CRREL 1/19/79 b.d. n.a.t b.d. b.d. b.d.
Percolate, Test Cell 6, CRREL 1/19/79 0.005 n.a. b.d. 0.003 b.d.

Percolate, Test Cell 1, CRREL 2/15/79 b.d. b.d. b.d. b.d. b.d.
Percolate, Test Cell 6, CRREL 2/15/79 b.d. b.d. b.d. b.d. b.d.

* b.d. - below detection.

t n.a. = no analysis.

8



CONCLUSIONS

Multiple equilibration headspace analysis with electron capture gas

chromatography was found to be a useful technique for identifying and

determining halocarbons in water samples. Some of its advantages over

purge and trap, solvent extraction, direct injection, resin sorption, and

conventional headspace analysis are its sensitivity, speed, simplicity,

power as an identification tool and potential as an absolute method

requiring no external or internal calibration. This method is effective in

identifying halocarbons associated with chlorination of water and

wastewater and could readily be applied to monitor compliance with the

EPA's 100-ppb standard for total trihalomethanes in finished water.
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